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TRANSVERSE TENSION FATIGUE LIFE CHARACTERIZATION

THROUGH FLEXURE TESTING OF COMPOSITE MATERIALS

T. Kevin O'Brien*

Arun D. Chawan

Ronald Krueger**
Isabelle L. Paris**

NASA Langley Research Center

Hampton, Virginia, U.S.A

ABSTRACT: The transverse tension fatigue life of $2/8552 glass-epoxy and IM7/8552

carbon-epoxy was characterized using flexure tests of 90-degree laminates loaded in 3-

point and 4-point bending. The influence of specimen polishing and specimen

configuration on transverse tension fatigue life was examined using the glass-epoxy

laminates. Results showed that 90-degree flexure specimens with polished machined

edges and polished tension-side surfaces had lower fatigue lives than unpolished

specimens when cyclically loaded at equal stress levels. The influence of specimen

thickness and the utility of a Weibull scaling law were examined using the carbon-epoxy

laminates. The influence of test frequency on fatigue results was also documented for the

4-point bending configuration. A Weibull scaling law was used to predict the 4-point

bending fatigue lives from the 3-point bending curve fit and vice-versa. Scaling was

performed based on maximum cyclic stress level as well as fatigue life. The scaling laws

based on stress level shifted the curve fit S-N characterizations in the desired direction,

however, the magnitude of the shift was not adequate to accurately predict the fatigue

lives. Furthermore, the scaling law based on fatigue life shifted the curve fit S-N

characterizations in the opposite direction from measured values. Therefore, these scaling

laws were not adequate for obtaining accurate predictions of the transverse tension

fatigue lives of heterogeneous, fiber reinforced, polymer matrix composites.

* U.S. Army Research Laboratory, Vehicle Technology Directorate
** National Research Council
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BACKGROUND

Matrix ply cracking is a common initial damage mechanism in fiber reinforced

composites. Ply cracking alone is rarely catastrophic for laminates subjected to in-plane

loading. However, for composite structures that experience bending, or other out-of-plane

loading conditions, the formation of matrix cracks may lead to catastrophic delamination

formation and growth [1,2]. Therefore, accurate transverse tensile strength and fatigue

characterization of composite materials is needed to predict matrix ply cracking in these

structures.

The influence of material volume, in the form of a ply thickness dependence on matrix

crack formation, is well established. Hence, for a strength-based characterization to be

truly generic, volume scaling must be achieved through a Weibull Scaling Law [3]. Early

attempts to achieve this characterization were performed using 90-degree laminate

tension tests [4]. However, a large percentage of the failures occurred at the grips. An

alternate technique would be to create transverse tension failures in 90-degree laminates

subjected to bending loads. This type of loading has the added benefits of requiring

simple fixtures and relatively small specimen sizes. Hence, a greater number of

specimens may be tested for a given specimen size for the same amount of material

required to perform uni-axial tension tests. These larger sample sizes facilitate the

generation of the large number of replicates required for statistical characterization and

generation of the parameters required for the Weibull scaling law.

Previously, the influence of edge flaws due to machining and surface flaws due to

manufacture and handling on transverse tensile strength was assessed by testing glass-

epoxy [5] and carbon-epoxy [6] 90-degree unidirectional specimens with both unpolished

and polished edges and bottom-side failure surfaces. As shown in figure la, 3-point

bending tests were performed using three different spans. In addition, four different 4-



pointbendingconfigurationsweretestedwith differentcombinationsof innerandouter

spans.Thesestudiesindicated that polishing actually decreasedtransversetension

strengths.This is in contrastto metallic materialswherepolishingtypically yields a

higher, moreaccurate,strengthasa result of removinginherentmanufacturingand

handlingflaws. Little differencewasobservedin the strengthsof 24-ply and 36-ply

IM7/8552 carbonepoxy laminateswith identical configurationsin reference6. For

specimenssubjectedto uniformtension,theweakestlink theorywouldpredicta lower

strengthfor the thicker specimen.However,becausefailure initiates on the bottom

surfacein theseflexuretestswherethetensilestressis a maximum(fig.lb), theclassical

thicknesseffectwasnot evident.Thethicker specimenwasweakerfor only oneof the

three 3-point bend configurations(C) and for only one of the three 4-point bend

configurations (A1). Hence, the differences in strength observed for identical

configurationswith different thicknesseswas attributedmore to variability between

panelsthanto theclassicalweakestlink effect,whichassumesagreaterprobabilityof a

defectcausingfailurein athick laminatewith a largevolume.Transversetensionstrength

decreasedwith increasingspanlengthaswouldbeanticipatedby the classicalweakest

link effect.However,aWeibull scalinglawoverpredictedchangesin transversetension

strengthsin 3-pointbendingtestsandunderpredictedthesechangesin 4-pointbending

tests.Hence,it wasunclearif thesescalinglawscouldbeusedfor heterogeneous,fiber

reinforced,polymermatrixcomposites.

INTRODUCTION

In this study,90-degreeunidirectionallaminatesmadefrom $2/8552glass-epoxyand

IM7/8552carbon-epoxymaterialweretestedin 3-pointand4-pointcyclic bendingto

characterizetransversetensionfatiguelife. Theinfluenceof edgeflawsdueto machining

andsurfaceflawsdueto manufacturingandhandlingwereassessedby testingtheglass-

epoxyspecimensin boththeas-manufacturedandmachinedconditionaswell astesting

specimenswithpolishededgesandbottom-sidefailuresurfaces.Only oneconfiguration

was testedfor the 3-point bending(configurationB in fig.la) and 4-point bending

(configurationA1 in fig.1a).S-Ncurvesconsistingof themaximumcyclic tensilestress



versusfatigue life wereplotted and comparedfor both the polishedandunpolished

specimens.After fatiguefailurehadoccurred,selectedspecimenswerepottedin epoxy,

polishedon the edges,andexaminedin a light microscopeto identify thedetailsof the

failure location.In addition,histogramswereplottedshowingthefrequencyof failureat

incrementallocationsalongthebeam.

Also in this study,IM7/8552carbon-epoxyspecimensweretestedin 3-pointand4-point

cyclic bendingto characterizetransversetensilefatiguelife. All testswereperformedon

unpolished specimens.Only one configuration was tested for 3-point bending

(configurationB in fig.la) and4-pointbending(configurationA1 in fig.la). Threepoint

bendingtestswereperformedon6.35mm(0.25in.) wide40-plyspecimens.Fourpoint

bendingtestswereperformedon12.7mm (0.5in.)wide 24-ply specimens. The influence

of test frequency on fatigue results was documented for the 4-point bending

configuration. After fatigue failure had occurred, selected specimens were potted in

epoxy, polished on the edges, and examined in a light microscope to identify the details

of the failure location. Also, histograms were plotted showing the frequency of failure at

incremental locations along the beam. Results from 3-point and 4-point bending were

compared using a Weibull scaling law.

MATERIALS

A single 24-ply 762 mm 2 panel of $2/8552 glass-epoxy material was supplied by Bell

Helicopter Company, Fort Worth, Texas. This panel was cut into specimens for the

previous study on transverse tensile strength [5] and this study on transverse tensile

fatigue behavior. The $2 glass fiber density was 2.48 g/cm 3, and the fiber aerial weight

was 295 g/m 2. The panel was cured using the manufacturers recommended cure cycle.

The panel thickness was 5.56 mm, corresponding to a average ply thickness of 0.231 mm.

The average fiber volume fraction was 50%.



PanelsweremanufacturedfromIM7/8552unidirectionalprepregattheBoeingCompany

in Philadelphia,Pennsylvania[6]. TheIM7 carbonfiber densitywas1.75g/cm3.The

fiber aerialweightwas148g/m2.Theuncuredresincontentwas34%by weight.Panels

werecuredin an autoclaveusingthemanufacturer'srecommendedcuringcycle.This

consistedof a 2-hourhold at 179°C (355°F)under621kPa(90psi) pressure.Panels

wereplacedon a standardaluminumcureplatewith a rigid pictureframearoundthe

contourto preventmaterialwashout.A 3.18mm (0.125in) aluminumplatewasplaced

on topof thepanel.All panelswerebuilt from thesamebatch.Onepanelconsistedof 24

pliesof unidirectionalprepregtape,andtheotherconsistedof 40pliesof unidirectional

prepregtape.Bothpanelsmeasured610mmby 305mm(24in.by 12in.).Forthe24-ply

panels,the averagepanel thicknesswas3.31 mm (0.1305in.), correspondingto an

averageply thicknessof 0.138mm (0.0054in.). Forthe40-plypanel,theaveragepanel

thicknesswas4.93mm (0.194in.), correspondingto anaverageply thicknessof 0.138

mm (0.0054in.). No significantflaws weredetectedin ultrasonicinspectionof these

panels.Averagefiber volumefraction was 62.1% for both the 24-ply and40-ply

laminates.

SPECIMEN PREPARATION

Specimen Cutting

Transverse test specimens, with their unidirectional fibers oriented perpendicular to the

longitudinal axis, were cut using a diamond saw. A 6.35 mm (0.25 in.) plexi-glass sheet

was placed underneath the panel to reduce fiber spalling on the back side of the cut.

The large $2/8552 glass-epoxy panel was first cut into four smaller panels. All specimens

were 57.2 mm (2.25 in.) long by 6.35 mm (0.25 in.) wide. A total of two hundred

specimens were cut [5]. Four sets of 50 specimens were tested, including specimens from

random locations on the panel. Two sets of 50 specimens were polished on the edge and

bottom surfaces. Specimens were polished by first sanding using 600 grit sandpaper

discs, and then polishing using 1200 grit silicon carbide discs. Final polishing was

performed using a nap cloth along with a 0.05 micron alumina suspension solution with a



lubricantof soapywater.Theremainingtwo setswereleft unpolished.For specimens

thatwerepolished,thicknessandwidthmeasurementsweretakenafterpolishing.

For the IM7/8552carbon-epoxymaterial, the 610 mm by 305 mm (24 in. by 12 in.)

panelswerefirst cut into two 305mm (12 in) squarepanels,thencut into individual

specimens.Specimensmeasuring6.35mm (0.25in.) wide and57.2mm(2.25in.) long

werecut from the 40-plypanelfor testingin 3-pointbending.The24-plypanelswere

first cut into five columns57.15mm (2.25in.) wide, andwerethencut into specimens

measuring12.70mm (0.5 in.) wideand57.15mm (2.25in.) long for testingin 4-point

bending.The24-plyspecimenswerecutwider thanthe40-plyspecimensto increasethe

load requiredfor failure andreducethe specimendeflectionat failure. All specimens

werenumberedonthebottomsideof thepanelrelativeto thesawcutin sequentialorder

by column.

Thickness and Width Measurement

For both materials, specimen thickness and width were measured at three points along the

specimen length using flat nose digital calipers. The averages of these measurements,

along with the percentage variation of thickness and width, were calculated.

EXPERIMENTS

Testing Equipment and Test Configurations

Testing was performed using a MTS model 858 tabletop hydraulic load frame with a

MTS model 458 controller. The load frame was equipped with a 22.2 kN (5000 lb) load

cell. For the purpose of improving the accuracy of measured loads, a 2.22 kN (500 lb)

load cell was placed in series with the 22.2 kN (5000 lb) cell. For the glass-epoxy

composites, the load frame was equipped with 3-point and 4-point testing fixtures shown

in figure 2 that consisted of individual upper and lower supports with load points

machined to a radius of 3.18 mm (0.125 in). For the carbon-epoxy composites, special

fixtures consisting of 6.35 mm (0.25 in) diameter stainless steel pins mounted in ball

bearings (figure 3) were used to achieve a true roller support and avoid problems with



fixture wearobservedwith theoriginal setup.This fixture wasalsooutfittedwith end

restraintsto preventundesiredlongitudinalmovementof the specimens.In addition,

washerswere placedon the pins to preventundesiredspecimendrift in the width

direction.All specimenswereorientedin thetestapparatuswith specimennumberson

thetop.Hence,failuresalwaysoccurredon thebottomof thebeamcorrespondingto the

topof thepanelrelativeto thesawcut.Three-pointbendingtestswereperformedwith a

bottomspanlengthequalto 50.8mm(2.0 in) correspondingto configurationB in fig.la.

Four-pointbendingtestswereperformedwherethebottomspanlengthwas50.8mm(2.0

in) andthetop spanlengthwas25.4mm (1.0 in) correspondingto configurationA1 in

fig.la.

Test Procedure

Tests were performed in load control, at ambient laboratory conditions, using a

programmed sinusoidal loading cycle. For 3-point bending tests, load values that

corresponded to the desired maximum stress levels were determined from the dimensions

of each specimen using the beam theory equation

2bt2(y
P = __

3s

where P is the load under the center nose, b is the average specimen width, t is the

average specimen thickness, o is the desired cyclic tensile stress on the bottom surface of

the beam, and s is the span between the bottom load points. Similarly for 4-point bending,

load levels corresponding to the desired stress levels were calculated using the equation

2bt2(y
P = -- (2)



where P is total load applied to the specimen, and _ is twice the difference between the

outer and inner spans (fig. lb).

The average transverse tensile strength of $2/8552 glass-epoxy specimens was previously

determined to be 140 MPa for the 3-point bend test configuration B and 131 MPa for the

4-point bend test configuration A1 [5]. The slightly lower strength for configuration A1

was attributed to the larger volume of material that experiences the maximum tensile

bending stress under 4-point loading (fig. lb).

Fatigue tests of $2/8552 glass-epoxy specimens were performed at maximum stress

levels of 91, 84, 80.5, and 77 MPa, respectively, corresponding to 65, 60, 57.5, and 55 %

of the ultimate transverse tensile strength for configuration B. The same maximum stress

levels were used for configuration A1 so that direct comparisons could be made between

fatigue lives for 3-point and 4-point bending test specimens. The load was cycled

sinusoidally at a frequency of 10 Hz and an R ratio of 0.1. A digital counter located in the

controller recorded the number of cycles at specimen failure.

The average transverse tensile strength of IM7/8552 carbon-epoxy specimens, measured

previously [6], was 127.5 MPa for the 36-ply 3-point bending test configuration B and

115 MPa for the 24-ply 4-point bending test configuration A1. The slightly lower

strength for configuration A1 was attributed to the larger volume of material that

experiences the maximum tensile bending stress under 4-point bending as compared to 3-

point bending (fig.lb). Because the 36-ply specimens were close in thickness to the 40

ply specimens tested in 3-point bending fatigue in this study, no static tests were run on

the 40-ply specimens. However, because the 24 ply specimens tested in 4-point bending

fatigue in this study were wider (12.7 mm) than the configuration A1 specimens tested in

reference 6 (6.35 mm), a set of 24 static tests were performed. The average strength was

92 Mpa for these tests. This slightly lower strength, compared to the 24-ply specimens of

reference 6, was attributed to the larger volume of material that experiences the

maximum tensile bending stress in the wider specimens.



Fatiguetestsof IM7/8552carbon-epoxyspecimenswereperformedat maximumstress

levelsof 84.9,81.8,78.8,75.8,and72.7MPafor theconfigurationB, 3-pointbending,

fatiguetests.This correspondedto stresslevelsbetween57%and67%of the 36-ply,

configurationB, 3-pointbendingstaticultimatestrength.Fatiguetestswereperformedat

maximumstresslevelsof 78.6,74.0,69.4,and64.7MPafor theconfigurationA1, 4-

pointbending,fatiguetests.Thiscorrespondedto stresslevelsbetween70%and85%of

the 24-ply, configurationA1, 4-point bendstatic ultimate strength.For the 3-point

bendingconfigurationB tests,the loadwascycledsinusoidallyat afrequencyof 10Hz

andanR ratioof 0.1.For the4-pointbendingconfigurationA1 tests,theloadwascycled

sinusoidallyatfrequencyof 1,5,or 10Hz, dependingontheloadlevel,with anR ratioof

0.1.A digital counterlocatedin thecontrollerrecordedthenumberof cyclesat specimen

failure.

RESULTS AND DISCUSSION

$2/8552 glass-epoxy

Plots of maximum cyclic tension stress versus fatigue life, N, are shown in Figures 4-8.

Figure 4 shows transverse tension fatigue life data from 3-point bending tests for both

polished and unpolished specimens. Results for five polished and unpolished specimens

are plotted at each stress level. In all cases, the scatter in fatigue lives was greater than

one order of magnitude. The mean life at each cyclic stress level shifted towards higher

lives at lower cyclic stress levels, except for the unpolished specimens tested at lowest

maximum stress level. At all four maximum cyclic stress levels, the average (mean) life

for the unpolished specimens was greater than the mean life for the polished specimens.

Figure 5 shows transverse tension fatigue life data from 4-point bending tests for both

polished and unpolished specimens. Results for five polished and unpolished specimens

are plotted at each stress level. Again, the scatter in fatigue lives was greater than one

order of magnitude. For the three highest cyclic stress levels, the mean life shifted

towards higher lives at lower cyclic stress levels. However, for specimens tested at the



lowest cyclic stresslevel, the meanlives werelower thanthoseobtainedat the next

highestcyclic stresslevel.Thiswastruefor boththeunpolishedandpolishedspecimens.

For threeof the four maximumcyclic stresslevels,the meanlife for the unpolished

specimenswasgreaterthanthemeanlife for thepolishedspecimens.Fortheonestress

levelwherethiswasnot true,meanlivesfor thepolishedandunpolishedspecimenswere

verycloseto oneanother.

A comparisonbetweenaveragefatiguelivesfor 3-pointand4-pointbendingis presented

in Figure 6. For the unpolishedspecimenstestedat the highesttwo maximumcyclic

stresslevels,theaveragefatiguelives werelowestfor the3-pointbendtests.However,

for theunpolishedspecimenstestedatthe lowesttwo maximumcyclic stresslevels,the

averagefatigueliveswerelowestfor the4-pointbendtests.For thepolishedspecimens,

the averagefatigue lives werelowest for the 3-point bendtestsat the highestthree

maximumcyclic stresslevels.However,theoppositewastrueatthe loweststresslevel.

Hence,a clear trendbetweenthe meanfatigue life and configurationcould not be

established.

In orderto investigatethesetendsfurther,anadditionalfive specimens,bothpolishedand

unpolished,weretestedat eachof thefour maximumstresslevelsin 4-pointbending.

Figure 7 showsfatigue life data from thesetestsfor both polishedand unpolished

specimenswith tenreplicatestestedateachstresslevel.Thegreaternumberof replicates

significantly increasedthe sizeof the scatterbandsto severalordersof magnitude.

However,the overall scatterbandshiftedtowardshigher lives at lower cyclic stress

levels.Themeanlives for theunpolishedspecimensincreasedasthe maximumstress

levelwasdecreased.Thepolishedspecimensexhibiteda similartrendatthethreehighest

maximumcyclic stresslevels;however,themeanlife of polishedspecimenstestedatthe

lowestmaximumstresslevelwaslowerthanthemeanlife of specimenstestedatthenext

highestlevel.For threeof thefour maximumcyclic stresslevels,themeanlife for the

unpolishedspecimenswasgreaterthanthemeanlife for thepolishedspecimens.Forthe

one stresslevel wherethis wasnot true, meanlives for thepolishedand unpolished

specimenswereverycloseto oneanother.
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Theaveragefatiguelife from 5 andl0 replicatesof the 4-pointbendingtestspecimens

arecomparedin figure8.For boththepolishedandunpolishedspecimens,themeanlife

decreasedslightlywith increasingsamplesizefor thehighestthreemaximumcyclicload

levels.However,the oppositetrendwasobservedat the lowestmaximumcyclic stress

level.

Noticeablewear dueto abrasionwasobservedon the loadingnosesof the support

fixtureswhileperformingfatiguetestsof theglass-epoxyspecimens(Fig.9).Theoriginal

stainlesssteelfixtureswerereplacedwith surfacedhardenedfixtures.However,some

wearwasstill observed(fig.9). Examinationof thefatiguetest specimensalsoshowed

evidenceof wearandindentationsattheouterloadnosepositions.Thiswearwasgreatest

for thelongerlife testspecimensrunat thelowestmaximumcyclic stresslevels.Thisis

themostprobablecausefor theunanticipatedshortfatiguelives obtainedat the lowest

maximumcyclic stresslevel (figs.4-8).Hence,whilethefixturesusedin Reference5 and

in thisstudywereusefulfor statictesting,it isuncertainif theyarealsosuitedfor fatigue

testing.In orderto avoidthe influenceof fixture wearon thecarbon-epoxyfatiguetest

specimens,newsupportsweremanufacturedwithpinsin rollerbearings(Fig.3).

IM7/8552 carbon-epoxy

Figure 10 shows transverse tension fatigue life data from 3-point bending tests. Results

for seven specimens are plotted at each stress level. In all cases, the scatter in fatigue

lives was greater than one order of magnitude. This is consistent with findings in a

previous investigation where 3-point bend tests were utilized to characterize the

transverse tension fatigue life of carbon fiber reinforced epoxy lamina [7]. Figure 10

shows that the mean life at each cyclic stress level (S1-$5 avg) shifted towards higher

lives at lower cyclic stress levels. It was difficult to obtain fatigue lives less than 10 3

cycles while running at 10 Hz because a finite time was needed to make final adjustments

to the controller to achieve the desired cyclic load range. Hence, 4-point bending tests

were also performed at lower frequencies.

11



Figure 11showstransversetensionfatiguelife datafrom 4-pointbendingtestsfor all

frequenciestested.Resultsfor 25specimensareplottedateachstresslevel.Thescatterin

fatiguelives wasgreaterthantwo ordersof magnitude,but meanlives shiftedtowards

higherlives at lowercyclic stresslevels.Figure12showsaveragefatiguelives, where

testresultsareidentifiedbyfrequency.Meanliveswereloweratlower frequenciesatthe

samemaximumstresslevel.Thisresultimpliesthatlower frequencies,correspondingto

greatertime atmaximumload,aremoredamaging.As notedearlier,it wasnecessaryto

runat frequenciesaslow as1Hertz in orderto obtainshortfatiguelife data.This trend

indicatesthat this is a conservativeapproachcomparedto the 10Hz characterization

desired.

Oneconcernwith thecarbonepoxymaterialtestedin this study,comparedto theglass-

epoxy materialpreviouslytested[5], wasthe largevariability in thicknessfor each

specimen.The influenceof specimenthicknessvariationson 4-pointbendingfatigue

livesis documentedin theappendix.Becauseof thesedifficulties,fatiguelife datafor the

24-ply 4-pointbendtestswerealsoplottedusingdatafrom specimenscut from only

column3 of theoriginalpanel(figure 13).Althoughthereis still considerablescatterin

the data,it is significantlyless thanshownin figure 11,which include resultsfrom

specimensfrom all five columns.Figure14showsaveragefatiguelives for specimens

from column3 only wheretestresultsareidentifiedat differentfrequencies.As before,

meanliveswereloweratlowerfrequenciesatthesamemaximumstresslevel.

A comparisonbetweenaveragefatiguelivesfor 3-pointand4-pointbendingis presented

in Figure 15. If the comparisonwas simply between40-ply laminatesand 24-ply

laminatesunderuniformtension,theclassicalWeibullweakestlink effectwouldindicate

thatthethickerbeamsshouldhavelower fatiguelivesthanthethinnerbeamsatthesame

stresslevel.However,both3-pointand4-pointbendingyield a linearvariationin tension

stressthroughthebottomhalf of thebeamthickness.Hence,thedifferencein the stress

distributionsalongthebottomsurfacein thespandirectionappearsto playthedominant

role.At the samemaximumcyclic stresslevel,the4-pointbendingteststhathavelarge

12



spansundermaximumtensiononthebottomsurfaceyield lower livescomparedto the3-

point bendingteststhat haveonly a singlepoint below the centerload noseunder

maximumtension(fig.lb).

Histograms of Failure Locations

$2/8552 glass-epoxy

For the 3-point bend fatigue tests, histograms are plotted in figures 16a and 16b showing

the frequency of occurrence of the failure locations relative to the center load nose for the

polished and unpolished specimens, respectively. Failure occurs near, but rarely directly

under, the center load nose where beam theory indicates the tension stress is a maximum

(fig. lb), thus illustrating the sensitivity to flaws in the microstructure. There appears to be

a slightly greater concentration of failures near the center load nose for the unpolished

specimens. Hence, the flaw sensitivity appears to be more severe in the polished

specimens.

For the 4-point bend tests of the unpolished specimens, histograms are plotted in figures

17a and 17b showing the frequency of occurrence of the failure locations relative to the

inner load noses for the static tests and the fatigue tests, respectively. For the static tests,

failures occurred primarily between the inner load noses where the tension stress is a

maximum (fig. lb). However, for the fatigue tests, failures were concentrated closer to the

two inner load noses, possibly due to the fretting observed with the original fixtures. A

similar pattern was observed for the polished fatigue specimens.

IM7/8552 carbon-epoxy

For the 3-point bend tests, histograms are plotted in figures 18a and 18b showing the

frequency of occurrence of the failure locations relative to the center load nose for the

static tests and fatigue tests, respectively. Failure occurs near, but rarely directly under,

the center load nose where beam theory indicates the tension stress is a maximum

(fig. lb), thus illustrating the sensitivity to flaws in the microstructure. There appears to be
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a greaterconcentrationof failuresawayfrom the centerloadnosefor thefatiguetests.

Hence,theflaw sensitivityappearsto bemoreseverein fatiguethanundermonotonic

loading.

For the 4-pointbendtests,histogramsareplottedin figures19aand19bshowingthe

frequencyof occurrenceof thefailure locationsrelativeto the inner loadnosesfor the

statictestsandthefatiguetests,respectively.Failuresoccurredprimarily betweenthe

innerloadnoseswherethetensionstressis amaximum(fig.lb). However,morefailures

wereconcentratednearoneloadnosethanthe other.Thiswasattributedto the severe

thicknessvariationsin thesespecimens.

Post mortem examination

After fatigue failure had occurred, selected specimens were potted in epoxy, polished on

the edges and examined in an optical microscope to identify the details of the failure

location.

$2/8552 glass-epoxy

Figures 20a-b show the photomicrographs taken at the failure location for two of the 4-

point bending unpolished specimens (fig.20a) and two of the 4-point bending polished

specimens (fig.20b). The left and right sides at the failure point are shown for each

specimen. One of the two specimens examined had a short life, and the other a had long

life at the same maximum cyclic stress level. All specimens have variations in volume

fraction at the bottom surface. For one specimen, there is a pocket of resin on the bottom

surface at the failure location. However, there are no resin pockets at the failure location

for the other specimens. Hence, failure is not always influenced by the presence of a resin

pocket. There was also no noticeable difference between the specimens exhibiting a short

life and those with a long life at the same cyclic stress level.

14



IM7/8552 carbon-epoxy

Figures 21 a-d show the photomicrographs taken at the failure location for four of the 40-

ply 3-point bending specimens and four of the 24-ply 4-point bending fatigue specimens.

The left and right sides at the failure point are shown for each specimen. For each

configuration, two of the four specimens examined had short lives and the other two had

long lives. All specimens have variations in volume fraction at the bottom surface. For

specimens C5-20 (specimen #20 from col. 5 of the original panel) and C1-29, there is a

pocket of resin on the bottom surface at the failure location. However, there are no resin

pockets at the failure location for the other specimens. Hence, failure is not always

influenced by the presence of a resin pocket. There was also no noticeable difference

between the specimens exhibiting a short life and those with a long life at the same cyclic

stress level. Furthermore, there was no noticeable difference between the specimens from

different panel column positions.

Transverse tension strength Characterization

The strength of a material is typically characterized assuming either a symmetric

(normal) distribution or a skewed (Weibull [3 ]) distribution. For the normal distribution,

the mean strength and coefficient of variation, CV (standard deviation divided by the

mean strength), are calculated. The mean strength characterizes the central tendency of

the strength distribution, whereas the CV quantifies the scatter in the strength

distribution. However, since most strength data is not normally distributed, a Weibull

distribution is often assumed as an alternative.

Weibull assumed an extreme value, or "weakest link," distribution for material strength

by developing a two parameter function for the probability of failure at a given stress

level, P(_y), of the form

15



P(cy) = 1 - exp - (3)

Where (Yc is the location parameter known as the characteristic strength, and m is the

shape parameter known as the Weibull slope [3]. The location parameter, (Yc, provides a

measure of the central tendency of the distribution, similar to the mean for a normal

distribution. The Weibull slope, m, provides a measure of the scatter in the distribution,

with a small value of m corresponding to a large amount of scatter in the data. Therefore,

the amount of scatter is inversely proportional to m. Hence, as the magnitude of m

increases, the scatter decreases. Equation 3 may also be recast into an equation of the

form

y = mlncy + b (4)

Where

y (5)

And

b = -m In o c (6)

Then by assuming a probability of failure corresponding to a median ranking of the data

(i-1)+0.7
P(o) = (7)

n+0.4
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wheren is thetotalnumberof datapointsin thesample,andi is thenumberof thedata

pointsin ascendingorderfrom 1to n. A leastsquaresregressionfit of the logarithmic

equation4wasperformedto determinem and(Yc.

In addition to characterizingthe strengthdistribution for a given material,Weibull

postulatedthatthecharacteristicstrengthsfor two differentvolumes,V1 andV2, of the

samematerialwill obeythefollowingscalelaw [3]

((_c)1 =IV2/1/m (8)

Because of the inverse relationship between the Weibull slope and the degree of scatter in

the data, the inverse of the Weibull slope, l/m, was tabulated and plotted in reference 6 to

allow a more intuitive feeling for the trends observed. Furthermore, it is the inverse

Weibull slope that appears as the exponent in the Weibull volume scale law in equation 8.

The scaling law in equation 8 assumes that the two volumes being compared are

subjected to a uniform tensile stress throughout the volume. However, the stress

distributions in the 3-point and 4-point bend tests are not uniform (fig.l). Hence, the

scaling law was modified in reference 8 for 3-point bending as

= 2(m+1)2 V t
{_'t V 3pt

(9)

Where the subscript "f' corresponds to the stress and volume in the flexure test and the

subscript "t" corresponds to the stress and volume under uniform tension.

A similar expression was derived in reference 8 for 4-point bending as

17



_. f4pt [4(m+1)2
(_'t (m -1-2)

vt]
V 4pt

(lO)

The relationship between the 4-point and 3-point bending cases may be expressed by

combining equations 9 and 10 to yield

{_.4pt [ 2 v_Pt] _
f

_7,_,f= (m+2)g 4ptj

(11)

Transverse tension fatigue life Characterization

As was the case with transverse tension strength, the transverse tension fatigue life may

be characterized assuming a Weibull "extreme value", or "weakest link", distribution. A

two parameter function for the probability of failure at a given number of cycles, P(N)

may be written as

m]P(N) = 1 - exp - (12)

where No is the location parameter known as the characteristic life, and m is the Weibull

slope. The location parameter, No, provides a measure of the central tendency of the

distribution, similar to the mean for a normal distribution. As before, the Weibull slope,

m, provides a measure of the scatter in the distribution, with a small value of m

corresponding to a large amount of scatter in the data. Therefore, the amount of scatter is

inversely proportional to m. Hence, as the magnitude of m increases, the scatter

decreases.

Equation 12 may also be recast into an equation of the form

18



y =mlnN+b (13)

Where

(14)

And

b = -m In N c (15)

Then by assuming a probability of failure corresponding to a median ranking of the data

(i-1)+0.7
P(N) = (16)

n+0.4

where n is the total number of data points in the sample and i is the number of the data

point in ascending order from 1 to n. A least squares regression fit of the logarithmic

equation 13 was performed to determine m and No. As before, characteristic fatigue life

may be scaled based on volume by substituting No for (yoin equations 8-11,

= 2(m+1)2 V t
g3pt

(17)

Where the subscript "f' corresponds to the stress and volume in the flexure test and the

subscript "t" corresponds to the stress and volume under uniform tension.

A similar expression was derived in reference 8 for 4-point bending as
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N4pt=1 4(m+1)2 V tNtt [ (m+2) V4p t

(18)

The relationship between the 4-point and 3-point bending cases may be expressed by

combining equations 17 and 18 to yield

(19)

Life prediction from Weibull scaling law

In order to verify that the Weibull Scaling law is applicable for fiber reinforced

composites, measured data from one volume should be used with this scaling law to

accurately predict the fatigue life of any other volume of the same material with the same

failure mode. The following section documents attempts to do this for transverse tension

fatigue life using the 3-point and 4-point bending tests on the IM7/8552 carbon-epoxy

specimens tested in this study.

Figure 22 shows the curve fit to the mean of the 40-ply 3-point bending fatigue data from

figure 10 using a least squares regression analysis. Quasi-static data from the 36-ply 3-

point bending tests performed in reference 6 were also included in the curve fit. Also

shown in figure 22 are curves representing + one standard deviation in maximum cyclic

stress level from the mean curve. Fatigue lives of the 24-ply 4-point bending specimens

were predicted using this curve fit by substituting the 40-ply 3-point bending maximum

cyclic stress levels, corresponding to the selected fatigue lives for 4-point bending, in

equation 11. The Weibull slope used to scale stress levels in the scaling law was the value

(m=18.83, 1/m = 0.0531) determined for the 36-ply 3-point bending quasi-static tests

from reference 6. Fig. 23 shows the original 3-point bending mean curve fit, the stress

scaled mean curve fit from equation 11, and the mean 4-point bending data from all the
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columnsaswell asfrom column3 only.Thescalinglaw shiftsthe3-pointbendingS-N

curvetowardthemeasured4-pointbendingdata.However,themagnitudeof theshift is

notadequateto accuratelypredictthe4-pointbendingfatiguelives.

Curvefits to the meanof the24-ply4-pointbendingquasi-staticandfatiguedatawere

alsogeneratedusingthedatafrom all columnsof theoriginal panel(fig.24)andfrom

column3 only (fig.25).Also shownin figure25arecurvesrepresenting+ one standard

deviation in stress level from the mean curve. For the curve fit performed using data from

all columns, the scatter was too large to obtain the minus one standard deviation curve

(fig.24). Fatigue lives of the 40-ply 3-point bending specimens were predicted using this

curve fit by substituting the 24-ply 4-point bending maximum cyclic stress levels,

corresponding to the selected fatigue lives for 3-point bending, in equation 11. The

Weibull slope used to scale stress levels in the scaling law was the value (m=l 1.59, 1/m

= 0.086) determined for the 24-ply 4-point bending quasi-static tests. Figures 26 and 27

compare the 3-point bending data to the 3-point bending stress scaled curved fit from

equation 11 using 4-point bending fatigue data from all the columns (fig.26) as well as

from column 3 only (fig.27). The scaling law shifts the 4-point bending S-N curve toward

the measured 3-point bending data. However, the magnitude of the shift is not adequate

to accurately predict the 3-point bending fatigue lives.

Fatigue lives of the 24-ply 4-point bending specimens were also predicted by substituting

the fatigue lives for 40-ply 3-point bending specimens, corresponding to the selected

maximum cyclic stress levels for 3-point bending, into equation 19. Figure 28 compares

the 4-point bending life data (from all the columns as well as from column 3 only) to the

4-point bending life-scaled curve fit from equation 19. This prediction was performed

using the average of the Weibull shape parameters calculated for fatigue life distributions

at all five cyclic stress levels (m=0.573, 1/m = 1.75). As shown in fig.28, the scaling law

based on life actually shifts the 3-point bend S-N curve away from the measured 4-point

bend data. This result was relatively insensitive to the choice of Weibull scaling

parameter, as shown in figure 29 where the scaled mean curves were predicted using the

average, the largest, and the smallest Weibull shape parameters calculated for fatigue life
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distributionsat all five cyclic stresslevels. Therefore,thesescaling laws were not

adequatefor obtainingaccuratepredictionsof the transversetensionfatiguelives of

heterogeneous,fiber reinforced,polymermatrixcomposites.

CONCLUSIONS

The $2/8552glass-epoxyspecimenspolishedon the edgesandtensionside failure

surfacesexhibitedshorteraveragefatiguelivesthanunpolishedspecimensfor all 3-point

bendingtests,and for all but one stresslevel for 4-point bendingtests.Therefore,

polishingspecimensseemsto artificially decreasetransversetensilefatiguelife rather

thanproducinglongerandmoreaccuratefatiguelives asaresultof removinginherent

manufacturingandhandingflawsin thematerial.

Themeanlife of the IM7/8552 carbon-epoxy specimens tested at each cyclic stress level

in 3-point and 4-point bending shifted towards higher lives at lower cyclic stress levels.

However, there was significant scatter in the data. For the 4-point bending fatigue tests,

mean lives were lower for specimens run at lower frequencies at the same maximum

stress level. Hence, lower frequencies, corresponding to greater time at maximum load,

were more damaging. Therefore, tests performed at lower frequencies (1 & 5 Hz) yielded

conservative results compared to the 10 Hz characterization desired.

Significant variability in specimen thickness was measured for the IM7/8552 specimens

tested in 3-point and 4-pont bending in this study. For the 4-point bending tests,

specimens cut from the columns closest to the panel edge were the thinnest and had the

largest variability in specimen thickness (>4%). Specimens cut from the center of the

panel were the thickest and had very small thickness variations (average less than 1%).

The large thickness variability observed in these specimens is probably a result of resin

bleeding in the transverse (90-degree) panel direction that occurred during manufacture.

At most cyclic stress levels, average fatigue lives for specimens taken from the five

columns cut from the original panel increased continuously from the left edge, to the

middle, and then to right edge. Hence, mean fatigue life did not seem to correlate directly
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with thicknessvariability.However,thescatterin thelife dataateachcyclicstresslevel,

asmeasuredby theCoefficientof Variation(CV), correlateddirectlywith thethickness

variabilityobserved,with thespecimenscutnearthepaneledgesexhibitingthegreatest

scatter.

The 4-point bending fatigue tests of the IM7/8552 carbon-epoxy were performed on

thinner (24-ply) laminates than the 3-point bending tests (40-ply). However, the mean

fatigue lives for the 4-point bending tests were significantly lower than the mean fatigue

lives for the 3-point bending tests at the same maximum cyclic stress levels. Hence, the

difference in the stress distributions in the span direction was more significant than the

simple volume difference in influencing relative transverse tension fatigue life in

bending.

For the 3-point bending fatigue tests of the IM7/8552 carbon-epoxy, failures occurred

near, but rarely directly under, the center load nose where beam theory indicates the

tension stress is a maximum, thus illustrating the sensitivity to flaws in the

microstructure. For the 4-point bending tests, failures occurred primarily between the

inner load noses where the tension stress is a maximum. However, more failures were

concentrated near one load nose than the other due to the severe thickness variations

within these specimens.

A least squares regression analysis was performed on the 3-point and 4-point bending

fatigue test results to characterize the transverse tension fatigue life of the IM7/8552

carbon epoxy material tested. A Weibull scaling law was used to predict the 4-point

bending fatigue lives from the 3-point bending curve fit and vice-versa. Scaling was

performed based on maximum cyclic stress level as well as fatigue life. The scaling laws

based on stress level shifted the curve fit S-N characterizations in the desired direction,

however, the magnitude of the shift was not adequate to accurately predict the fatigue

lives. Furthermore, the scaling law based on fatigue life shifted the curve fit S-N

characterizations in the opposite direction from measured values. Therefore, these scaling
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lawswere not adequatefor obtainingaccuratepredictionsof the transversetension

fatiguelivesof heterogeneous,fiberreinforced,polymermatrixcomposites.
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APPENDIX

Figure A 1 shows the percentage thickness variation within each of the 40-ply specimens.

Typical variations were between 1 and 4 %. Figure A2 shows the percentage thickness

variation in each specimen cut from columns 1-5, respectively, of the 24-ply panel. The

average thickness and percentage thickness variation in each specimen is plotted in

figures A3 and A4, respectively, as a function of panel column position. Specimens cut

from the columns closest to the panel edge (1 & 5) were the thinnest and had the largest

variations in specimen thickness (>4%), whereas specimens cut from the center of the

panel (column 3) were the thickest and had very small thickness variations (average less

than 1%). To visualize this thickness variability, specimen thickness data were also

plotted as a function of the specimen position from the five columns cut from the original

24-ply panel (figure A5). The large thickness variability observed in these specimens is

probably a result of resin bleeding in the transverse (90 degree) panel direction that

occurred during manufacture.

Figure A6 shows the average fatigue life of the 24-ply specimens as a function of column

position at the four maximum cyclic stress levels tested, where n is the number of

specimens tested from each column. Fig. A7 also isolates the average fatigue life at one

stress level as a function of column position and test frequency. In most cases, average

lives increased continuously from columns 1 to column 5. Hence, mean fatigue life did

not seem to correlate directly with thickness variability. Figures A8 shows the percentage

coefficient of variation (CV) in the fatigue life of the 24-ply specimens at the four

maximum cyclic stress levels tested as a function of column position. Fig. A9 also

isolates the percentage CV at one stress level as a function of column position and test

frequency. Unlike the mean fatigue lives, the scatter in the life data, as measured by the

CV, correlated directly with the thickness variability for most cases, with the specimens

cut near the panel edges (columns 1 & 5) exhibiting the greatest scatter.
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